Historic,  archived  document 


Do  not  assume  content  reflects  current 
scientific  knowledge,  policies,  or  practices. 


1.7 


UNITED  STATES  DEPARTMENT  OF  AGRICULTURE 
CcTp  3-  SOIL  CONSERVATION  SERVICE 

H.  H.  Bennett,  Chief 


HYDRAULIC  DESIGN 
OF  THE 
BOX  INLET  DROP  SPILLWAY 


By 

Fred  W.  Blaisdell,  Project  Supervisor 

and  r^ 
Charles  A.  Donnelly,  Hydraulic  Engineer 

SO 

Soil  Conservation  Service  -  Research 

— i 


In  cooperation  with  the 
Minnesota  Agricultural  Experiment  Station 


co  J> 


GO 


and  the 


St.  Anthony  Falls  Hydraulic  Laboratory 


SCS-TP-lOfi 

Washington  25,  D.  C. 
July  1951 


This  publication  is  a  reprint,  with  minor 
changes  in  wording,  arrangement,  and  pagina- 
tion, of  Technical  Paper  No.  8,  Series  B,  pub- 
lished in  January  1951  by  St.  Anthony  Falls  Hy- 
draulic Laboratory,  University  of  Minnesota. 

The  material  included  herein  is  a  report  of 
investigations  carried  out  under  Soil  Conserva- 
tion Service--Research,  official  project  No. 
Mn-R-3-46,  in  cooperation  with  the  Laboratory 
and  Minnesota  Agricultural  Experiment  Station. 


CONTENTS 


Page 


List  of  figures    iv 

List  of  tables    iv 

Symbols    v 

Frontispiece    vi 

Introduction    1 

Experimental  background   1 

Free-flow  capacity   3 

Control  at  box-inlet  crest    3 

Corrections   4 

Variation  of  discharge  coefficient  with  head    4 

Variation  of  discharge  coefficient  with  box-inlet  shape   4 

Variation  of  discharge  coefficient  with  approach-channel  width   5 

Variation  of  discharge  coefficient  with  dike  position    5 

Variation  of  discharge  coefficient  with  approach-channel  depth   5 

Precision  of  results    6 

Summary   6 

Control  at  headwall  opening   12 

Discharge  coefficient   12 

Head  correction   12 

Other  factors   12 

Precision  of  results   16 

Summary   16 

Outlet  design   16 

Critical  depth   17 

Straight  section..   17 

Stilling  basin   18 

Sidewall  flare    18 

Basin  length   18 

Tailwater  level   19 

End  sill    19 

Longitudinal  sills    20 

Sidewall  height   20 

Wingwalls   20 

Summary   21 

Submerged-flow  capacity   24 

Factors  influencing  submergence  effect   24 

Discharge   24 

Outlet-exit  width    24 

Other  factors   24 

Submergence  curves    25 

Computation  of  submergence  effect   25 

Example  of  application    45 


iii 


LIST  OF  FIGURES 


Page 

Frontispiece    vi 

1  Box  Inlet  Drop  Spillway    2 

2  Discharge  Coefficient  and  Correction  for  Head  (Control  at  Box-Inlet  Crest).  7 

3  Correction  for  Box-Inlet  Shape  (Control  at  Box-Inlet  Crest)   8 

4  Correction  for  Approach-Channel  Width  (Control  at  Box-Inlet  Crest)   9 

5  Coefficient  of  Discharge  (Control  at  Headwall  Opening)    13 

6  Relative  Head  Correction  for     D/W  >  l/4     (Control  at  Headwall  Opening)  .  13 

7  Relative  Head  Correction  (Control  at  Headwall  Opening)   14 

8-43   Effect  of  Submergence  27-44 

44  Head-Discharge  Curve  for  Example   49 

45  Proportions  of  Box  Inlet  Drop  Spillway  for.  Example    5  1 


LIST  OF  TABLES 

Page 

1  Correction  for  Head  (Control  at  Box-Inlet  Crest)   10 

2  Correction  for  Box-Inlet  Shape  (Control  at  Box-Inlet  Crest)   10 

3  Correction  for  Approach-Channel  Width  (Control  at  Box-Inlet  Crest)   11 

4  Correction  for  Dike  Effect  (Control  at  Box-Inlet  Crest)   11 

5  Coefficient  of  Discharge  (Control  at  Headwall  Opening)    15 

6  Head  Correction     HQ2/D     for     D/W  >  l/4     (Control  at  Headwall  Opening).  15 

7  Critical  Depths  in  Feet  for  Various  Discharges  per  Foot  of  Width    23 

8  Figure  Numbers  for  Submergence  Curves   26 

9  Rating-Curve  Computations  for  Example   48 

10         Values  of     AH/H     for     B/W=1.0,     We/W  =  2.0,and     Ht/H  =  0.10  for 

Example   53 


iv 


SYMBOLS 


A  cross -sectional  area  of  approach  channel 

B  length  of  box  inlet 

c  coefficient  of  discharge 

D  depth  of  box  inlet 

<&2  height  of  tailwater  above  basin  floor 

d^  height  of  tailwater  above  top  of  end  sill 

dc  critical  depth  in  straight  section 

d  critical  depth  at  stilling-basin  exit 

F  difference  in  elevation  of  box-inlet  crest  and  top  of  end  sill 
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g  acceleration  due  to  gravity 

H  specific  head;  depth  of  flow  plus  velocity  head  =  h  +  hy 

H  apparent  specific  head  at  zero  flow;  zero-flow  head  correction 

H.J.  level  of  tailwater  referred  to  crest  of  box  inlet 

AH  increase  over  free-flow  head  caused  by  high  tailwater  level 

h  piezometric  head 

h  velocity  head  =  V^/2g 

L  length  of  box-inlet  crest  =  2B  +  W 

Lg  minimum  length  of  straight  section  of  outlet 

L  minimum  length  of  stilling-basin  section  of  outlet 

t5  . 

p  spacing  of  center  pair  of  longitudinal  sills  either  side  of  outlet  centerline 

Q  discharge 

r  spacing  of  outer  pair  of  longitudinal  sills 

t  minimum  height  of  sidewall  at  basin  exit  above  tailwater  elevation 

V  mean  velocity  =  Q/A 

W  width  of  box  inlet 

width  of  approach  channel 

We  width  of  stilling-basin  exit 

X  distance  from  box-inlet  crest  to  toe 

0  angle  wingwall  makes  with  outlet  centerline 
Subscript    1    applies  when  control  section  is  at  box-inlet  crest 
Subscript    2    applies  when  control  section  is  at  headwall  opening 
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INTRODUCTION 

This  paper  contains  sufficient  information  to  permit  the  complete  hydraulic  design  of 
a  box  inlet  drop  spillway  and  explains  briefly  the  various  factors  that  influence  the  de- 
sign.   Its  four  major  sections  deal  with  the  free  flow  capacity,  the  outlet  design,  the  sub- 
merged flow  capacity,  and  the  utilization  of  the  preceding  information  in  the  design  of 
box  inlet  drop  spillways. 

The  box  inlet  drop  spillway  may  be  described  as  a  rectangular  box  open  at  the  top 
and  at  the  downstream  end.    The  spillway  is  shown  in    figure  1.    Storm  runoff  is  directed 
to  the  box  by  dikes  and  headwalls,  enters  over  the  upstream  end  and  two  sides,  and 
leaves  through  the  open  downstream  end.    An  outlet  structure  is  attached  to  the  down- 
stream end  of  the  box.    The  long  crest  of  the  box  inlet  permits  large  flows  to  pass  over 
it  with  relatively  low  heads,  yet  the  width  of  the  spillway  need  be  no  greater  than  that  of 
the  exit  channel. 

The  experiments  and  analyses  were  performed  by  the  staff  of  the  Soil  Conservation 
Service,  United  States  Department  of  Agriculture,  located  at  the  St.  Anthony  Falls  Hy- 
draulic Laboratory,  University  of  Minnesota,  Minneapolis.    There  the  Soil  Conservation 
Service,  the  Minnesota  Agricultural  Experiment  Station,  and  the  St.  Anthony  Falls  Hy- 
draulic Laboratory  cooperate  in  the  solution  of  problems  concerning  conservation  hy- 
draulics.   The  experimental  work  was  performed  by  Charles  A..  Donnelly,  hydraulic  en- 
gineer.   This  paper  was  compiled  by  him  and  Fred  W.  Blaisdell,  project  supervisor.  Its 
technical  content  and  presentation  have  been  reviewed  by  members  of  the  staffs  of  the 
Region  3  Engineering  Division  and  the  Engineering  Standards  Unit  of  the  Soil  Conserva- 
tion Service,  and  the  St.  Anthony  Falls  Hydraulic  Laboratory.    Editorial  preparation  was 
with  the  assistance  of  the  Laboratory  staff.    The  thanks  of  the  authors  go  to  all  who  have 
so  freely  contributed  their  constructive  comments. 

Experimental  Background 

The  design  information  presented  here  is  based  on  an  extensive  experimental  pro- 
gram.   The  free  and  submerged  flow  tests  were  conducted,  with  interruptions,  between 
1946  and  1950.    They  consist  of  361  tests,  each  test  differing  in  some  respect  from  the 
others  and  requiring  approximately  35  observations  made  with  differing  flow  conditions. 
Thus,  something  over  12,000  observations  form  the  background  for  the  discharge  design 
procedure.    Similarly,  the  outlet  design  is  based  on  386  tests  representing,  first,  the  ex- 
ploratory tests  used  to  determine  the  general  form  of  the  outlet  and.  second,  the  tests 
made  to  determine  and  verify  the  general  design  rules  for  each  element  of  the  outlet. 
These  tests  were  made  between  1944  and  1946.    The  outlet  wingwall  design  was  modified 
slightly  as  a  result  of  special  studies  made  in  1950.    Detailed  descriptions  of  the  flow 
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Figure  I—    Box   Inlet   Drop  Spillway 
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tests  and  the  outlet  tests  may  be  found  in  the  two  reports  "Capacity  of  Box  Inlet  Drop 
Spillways  under  Free  and  Submerged  Flow  Conditions  and  "Design  of  an  Outlet  for 
Box  Inlet  Drop  Spillway."* 

The  test  programs  in  general  are  adequate  to  define  accurately  the  values  of  the 
variables  involved  in  the  design  of  box  inlet  drop  spillways.    The  tests  were  conducted 
and  analyzed  by  Laboratory  personnel  experienced  in  the  conduct  and  interpretation  of 
hydraulic  model  tests.    Every  feasible  effort  has  been  made  to  insure  the  reliability  of 
the  final  results.    The  results  are  generally  expressed  in  dimensionless  form.    This  is 
to  allow  as  much  condensation  as  possible  yet  to  permit  the  widest  possible  application 
to  structures  similar  in  geometrical  form  to  the  box  inlet  drop  spillway  and  outlet  dis- 
cussed here. 

FREE  FLOW  CAPACITY 

Free  flow  exists  in  the  box  inlet  drop  spillway  whenever  the  downstream  or  tailwa- 
ter  level  is  so  low  that  it  has  no  effect  on  the  amount  of  water  which  will  pass  the  spill- 
way. The  problem  then  is  to  determine  what  parts  of  the  spillway  affect  the  flow  and  to 
evaluate  these  effects.  Two  different  sections  are  effective  in  controlling  the  flow:  the 
crest  of  the  box  inlet  controls  the  flow  up  to  that  point  where  the  box  inlet  is  flooded  out; 
at  higher  flows  the  control  is  the  opening  in  the  headwall.  The  flow  at  which  the  control 
changes  from  one  point  to  the  other  is  dependent  upon  a  number  of  factors,  the  principal 
ones  being  the  box-inlet  depth  and  its  length. 

The  results  of  the  free  flow  tests  are  discussed  in  the  following  paragraphs.  Since 
the  primary  factors  which  influence  the  free  flow  past  box  inlet  drop  spillways  are  dif- 
ferent when  the  control  is  at  the  box-inlet  crest  from  what  they  are  when  the  control  is 
at  the  headwall  opening,  the  descriptions  and  the  design  information  for  each  control  will 
be  discussed  in  separate  sections.    For  convenience  in  use,  the  design  charts  and  tables 
are  grouped  together  following  the  descriptive  material  concerning  them. 

Control  at  Box-Inlet  Crest 

Water  enters  the  box  inlet  over  the  upstream  end  and  two  sides  when  the  section 
controlling  the  flow  is  the  box-inlet  crest.    The  common  rectangular  weir  formula 

Q  =  ci  L  V2?  Hs/2  (la) 

is  used  to  determine  the  head  under  these  conditions.    The  equation  is  easier  to  use  for 
some  problems  if  it  is  solved  for  the  head 


a i s dell .  F-  W. ,  and  Donnelly.  C  A.   (Soil  Conservation  Service).     capacity  of  box 
inlet  drop  spillways  under  free  and  submerged  flow  conditions.     University  of  Minnesota, 
St.   Anthony  Fails  Hydraulic  Laboratory  Technical  Paper  No.   7,   Series  B.  1951. 

SDONNELLY.    C.    A.       DESIGN   OF   AN   OUTLET   FOR   BOX    INLET   DROP    SPILLWAY.      U.    S.    Dept.    Agr. , 

Soil  Conservation  Service.  Washington,  D.  C. .   SCS-TP-63.     November  1947. 
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King's  ''Handbook  of  Hydraulic  s , "      table  38,  gives  the  three-halves  powers  of  numbers 
and  table  109  gives  the  two-thirds  powers  of  numbers,  which  may  prove  helpful  in  solv- 
ing these  equations.    In    Equations  (l),     Q     is  the  discharge  in  cubic  feet  per  second; 
Cj     is  a  dimensionles s  discharge  coefficient;     L     is  the  crest  length,     2B  +  W,    in  feet; 
B     is  the  inside  length  of  the  box  inlet  in  feet;     W     is  the  width  of  the  box  inlet  in  feet; 
g     is  the  acceleration  due  to  gravity  and  is  equal  to  3Z.Z  feet  per  second  per  second;  and 
H     is  the  head  over  the  spillway  crest  in  feet.    The  head     H     is  here  assumed  to  be  the 
depth  of  flow  plus  the  velocity  head.    Most  of  these  symbols  are  illustrated  in    figure  1. 

The  discharge  coefficient     c^     in    Equations  (l)    has  the  value  0.4275  and     c,  \/  2g  = 
3.43     when     B/W  =  1.0,     Wc/L>3.0      and     H/W  >  0.6.    Here     Wc     is  the  approach- 
channel  width  in  feet. 

Corrections 


A  number  of  corrections  must  be  applied  to  c^  in  Equations  (l)  to  take  into  ac- 
count the  effects  of  various  factors  such  as  the  variation  of  Cj  with  head  and  the  ef- 
fects of  box-inlet  shape,  approach-channel  width,  and  dike  position.  These  corrections 
are  described  in  the  following  paragraphs. 

Variation  of  Discharge  Coefficient  with  Head. --The  coefficient  of  discharge  in  E- 
quations  (  l)    varies  with  the  head  on  the  spillway  when     H/W<0.6,     while  for     H /W  > 
0.6     the  coefficient  is  constant. 

For  design  purposes  the  ratio     H/W     may  be  computed,  after  which  the  discharge 
coefficient     c  j     in    Equations  (l)    can  be  read  directly  from  the  curve  shown  in  figure 
2,    using  the  left-hana  ordinate.    An  alternative  way  to  determine  the  discharge  is  to  use 
0.4275  for     c^,      or  3.43  for     c  j    \l  2  g ,     and  multiply  by  a  correction  read  from  the 
curve  of    figure  2,    using  the  right-hand  ordinate.    This  correction  may  also  be  obtained 
from    table  1.     Figure  2    and   table  1    are  valid  when     0<H/W<1.5;    they  should  be 
used  with  caution  outside  the  range  covered  by  the  tests. 

Variation  of  Discharge  Coefficient  with  Box  Inlet-Shape. --The  shape  of  the  box  inlet 
in  plan  has  a  considerable  effect  on  the  discharge  coefficient.    This  variation  is  shown  in 
figure  3.    Since  the  discharge  coefficient     Cj     in    Equations  (l)    has  been  taken  as  cor- 
rect when     B/W  =1.     it  is  necessary  to  apply  a  correction  to     Cj     if     B/W     is  not  e- 
qual  to  1 . 

The  ordinates  of    figure  3    indicate  the  correction  to  be  applied  to     c  j      for  each 
shape  of  box  inlet  between     B/W  =  0     and     B/W  =  4--the  range  in  shapes  covered  by  th< 
tests.    The  corrections  may  also  be  obtained  from    table  2.    The  discharge  coefficient  is 
multiplied  by  the  box-inlet  shape  correction  to  correct  for  this  effect. 


King,  H.   W.     handbook  of  hydraulics.     (third  ed. ).     New  York:     1939,   pp.   103-12  and 
312-17. 
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Variation  of  Discharge  Coefficient  with  Approach-Channel  Width. --The  width  of  the 
upstream  or  approach  channel  has  a  very  great  effect  on  the  discharge  if  the  channel  is 
too  narrow.    For  the  longer  boxes  and  longer  crest  lengths,  the  approach-channel  width 
can  easily  be  so  narrow  as  to  make  part  of  the  crest  inefficient.    Under  these  conditions 
a  change  in  the  proportions  of  the  box  inlet  may  prove  economical. 

The  correction  for  approach-channel  width  shown  in   figure  4    is  a  function  of  the  ra- 
tio of  approach-channel  width  to  crest  length     Wc/L.    The  correction  can  also  be  obtain- 
ed from    table  3.    When     W  /L  ^  3,     no  correction  is  required.    At  lesser  relative  chan- 
nel widths  the  factor  by  which  the  discharge  coefficient     cj     in    Equations  (if  is  multi- 
plied becomes  small.    The  tests  covered  a  range  of  relative  approach-channel  widths 
W^/L     from  0.4  to  10  and  the  corrections  are  valid  over  this  range. 

Variation  of  Discharge  Coefficient  with  Dike  Position. --The  proximity  of  the  toe  of 
the  earth  dike  to  the  box-inlet  crest  has  an  important  effect  on  the  discharge  coefficient 
because  the  dike  toe  interferes  with  the  free  access  of  water  to  the  box-inlet  crest  near 
the  headwall.    The  toe  of  the  dike  should  be  kept  as  far  from  the  box  inlet  as  is  feasible. 

Little  data  were  obtained  regarding  the  effect  of  dike  position  on  the  discharge  coef- 
ficient.   Such  information  as  is  presented  here  is  primarily  of  qualitative  rather  than  of 
quantitative  value.    All  data  were  obtained  for  a  dike  having  a  1  on  3  upstream  slope  with 
the  head     H     at  the  design  value.    The  toe  of  the  dike  was  located  at  six  different  dis- 
tances   X     from  the  box-inlet  crest.    Tests  were  conducted  with     B/W  =  2     only.  The 
effect  of  the  dike  is  shown  in   table  4. 

The  effects  of  the  dike  for  other  box-inlet  shapes  have  been  estimated  and  listed  in 
table  4.    The  reduction  in  discharge  due  to  the  dike  has  been  assumed  proportional  to  the 
crest  length.    The  crest  length  when     B/W  =  2     is     5W.    When     B/W  =  1,     the  crest 
length  is     3W     and  the  reduction  in  discharge  is  assumed  to  be     5W/3W     or  1.7  times 
as  great.    For     B/W  =  0.5     the  corresponding  figures  are     2W,     5W/2W,     and  2.5. 

The  values  listed  in   table  4    should  be  used  only  with  full  realization  that  they  are 
based  on  inadequate  data  and  unproved  assumptions  as  to  the  effect  of  box  shapes  other 
than     B/W  =  2. 

Variation  of  Discharge  Coefficient  with  Approach-Channel  Depth. --It  is  known  from 
tests  performed  by  others^,  6  that  the  depth  of  the  approach  channel  has  an  effect  on  the 
discharge.    Both  Huff  and  Kessler  indicate  a  decrease  in  discharge  as  the  approach  chan- 
nel becomes  shallower.    All  of  the  tests  used  as  the  basis  for  the  design  curves  presented 
in  this  report  were  made  with  the  approach  channel  level  with  the  box-inlet  crest;  i.  e., 
the  approach  channel  was  silted  full.    Deeper  approaches  will  increase  the  discharge  and 
in  this  respect  the  design  curves  are  conservative. 


Kessler,  L.  H.     experimental  investigation  of  the  hydraulics  of  drop  inlets  and 
spillways  for  erosion  control  structures.     Bui.  of  the  University  of  Wisconsin,  Engineer-  - 
ing  Experiment  Station  Series  No.   80.  1934. 

6HUFF,    A.    N.       THE   HYDRAULIC   DESIGN   OF   RECTANGULAR    SPILLWAYS-       U-    S.    Dept.    Agr.,  Soil 

Conservation  Service,  Washington,  D.  C. ,   SCS-TP-71.     February  1944. 
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Precision  of  Results 

Equations  (1),    when  the  discharge  coefficient     Cj     is  corrected  for  the  effects  of 
head,  box-inlet  shape  and  approach-channel  width,  and  when  there  is  no  dike  effect,  can 
be  expected  to  give  the  discharge  to  within  ±7  percent  under  ideal  conditions.    This  pre- 
cision was  obtained  in  the  laboratory;  under  field  conditions  somewhat  less  precision 
must  be  anticipated. 

Summary 

The  preceding  comments  regarding  the  flow  over  the  box-inlet  crest  when  the  dis- 
charge is  free  and  the  crest  of  the  box  inlet  controls  the  discharge  may  be  summarized 
as  follows: 

1.    The  general  formula  is 

Q  =  0.4275  L  V2?  H3/2  (la) 

or    in  English  units, 

Q  =  3.43  L  H3/2  ( ic) 

When  solved  for     H     these  equations  read 
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\0.4275  L V2?  / 


(lb) 


and 
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2.  The  discharge  coefficients  in    Equations  (1)    must  be  multiplied  by: 

a.  The  correction  for  head  given  in    figure  2    or    table  1; 

b.  The  correction  for  box-inlet  shape  given  in    figure  3    or    table  2: 

c.  The  correction  for  approach-channel  width  given  in    figure  4    or    table  3;  and 

d.  The  correction  for  dike  proximity  to  the  box-inlet  crest  given  in   table  4, 
these  values  being  of  low  precision. 

3.  The  approach  channel  is  silted  level  with  the  crest  of  the  box  inlet. 

4.  The  precision  of  the  design  curves  and  tables  is  within    +7  percent. 
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Table  1. --Correct ion  for  head 
(Control  at  box- inlet  crest) 


Multiply    Ci     in    Q  =  ci  L  yj2i  H3        by  correction 


H/W 

0.00 

0.01 

0.02 

0.03 

0 

04 

0.05 

0.06 

0.07 

0 

08 

0.09 

0.0 

0.76 

0.80 

0.82 

0 

84 

0.86 

.  1 

0.87 

0.88 

0.89 

0.90 

0 

91 

.91 

.92 

.92 

93 

.93 

.2 

.93 

.94 

.94 

.95 

95 

.95 

.95 

.96 

.96 

.96 

.3 

.97 

.97 

.97 

.97 

98 

.98 

.98 

.98 

98 

.98 

.4 

.99 

.99 

.99 

.99 

99 

.99 

.99 

.99 

99 

1 .00 

.5 

1  .00 

1  .00 

1  .00 

1  .00 

1 

00 

1  .00 

1  .00 

1 .00 

1 

00 

1  .00 

.6 

1  .00 

Correction  is  1.00  when      H/W    exceeds  0.6. 


Table  2. --Correct ion  for  box- inlet  shape 
(Control  at  box- inlet  crest) 


Multiply    ci     in    Q  =  ci  Lyplglf^     by  correction 


B/W 

0.0 

0.  1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 

0.98 

1  .01 

1  .03 

1 .03 

1  .04 

1  .04 

1  .03 

1 .02 

1  .01 

1 .01 

1 

1 .00 

.99 

.99 

.98 

.98 

.98 

.97 

.97 

.96 

.96 

2 

.96 

.96 

.95 

.95 

.95 

.95 

.95 

.95 

.94 

.94 

3 

.94 

.94 

.94 

.94 

.94 

.94 

.94 

.94 

.93 

.93 

4 

.93 

1 1 


Table  3. --Correction  for  approach- channe I  width 
(Control  at  box- inlet  crest) 


Multiply    Ci     in    Q  =  Ci  LVJJ  Hs'  2    by  correction 


»C/L 

0.0 

0.  1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0 
1 

2 
3 

0.00 
.84 
.98 

1  .00 

0.09 
.87 
.98 

0.  18 
.90 
.99 

0.27 
.92 
.99 

0.35 
.93 
.99 

0.44 
.94 
.99 

0.53 
.95 
1 .00 

0.62 
.96 
1.00 

0.7  1 
.97 
1  .00 

0.80 
.97 
1  .00 

Correction  is  1.00  when    &C/L    exceeds  3.0 


Table  4. --Correct  ion  for  dike  effect 
(Contro1  at  box- inlet  crest) 


Multiply    C;     in    Q  -  c-_  L  V2~i  H3'2    by  correction 


B 
W 

x/a 

0.0 

0 . 7 

1  .4 

2.9 

oo 

2.0  ( actual  ) 

0.84 

0.85 

0.93 

0.9"? 

0.99 

1 .00 

1.0  ( est  i  mated  ) 

.73 

.75 

.88 

.95 

.98 

1 .00 

0.5  (estimated) 

.60 

.62 

.82 

.92 

.98 

1 .00 
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Control  at  Headwall  Opening 


The  box  inlet  is  flooded  out  at  the  higher  flows  and  for  the  shallower  boxes.  Under 
these  conditions  the  opening  in  the  headwall  controls  the  flow  through  the  spillway.  A 
method  for  determining  whether  the  control  is  at  the  box-inlet  crest  or  at  the  headwall 
opening  is  presented  in  the  section  on  Example  of  Application.    When  the  control  is  at 
the  headwall  opening  the  discharge  formula  is 

Q  =  c2  W  -fig  (H  -  Hoc)3/2  (2a) 


when  solved  for     Q  and 

2/3 


»=(— —) 


(2b) 


when  solved  for     H.    In    Equations  (2),     H     is  measured  from  the  box-inlet  crest,  where- 
as the  effective  headwall  opening  is  on  the  order  of     H  +  D,     D     being  the  depth  of  the 
box  inlet  in  feet.    The  head  correction  *s  therefore  required. 

A  number  of  factors  affect  the  flow  through  the  headwall  opening,  and  they  determine 
the  values  of  the  discharge  coefficient     c^     and  the  head  correction     Hq^     in  Equations 
(2).    These  factors  are  discussed  in  the  following  paragraphs. 


Discharge  Coefficient 


The  discharge  coefficient     c^     in    Equations  (2)    increases  as  the  relative  depth 
D/W     of  the  box  inlet  increases.    The  range  of  values  of     D/W     covered  by  the  tests  is 
from  about  0  to  1 . 


The  discharge  coefficient  c^  may  be  taken  from  the  curve  of  figure  5  or  from 
table  5. 

Head  Correction 


It  is  only  natural  to  expect  that  the  magnitude  of  the  head  correction  *n  Equa- 

tions (2)  will  approach  the  box-inlet  depth  for  the  relatively  longer  and  shallower  box  in- 
lets and  that  it  will  decrease  toward  zero  for  the  relatively  shorter  and  deeper  box  inlets. 

The  relative  head  correction     Hq^/D     is  a  simple  function  of     B/D     for  box  inlets 
having  relative  depths     D/W     or  1/4,  1/2,  and  1.    The  relative  head  correction  may  be 
taken  from  the  curve  of   figure  6    or  from   table  6    when     D/W     is  bet  ween  1/4  and  1,  in- 
clusive; however,  the  curves  of    figure  6    and   table  6    are  not  valid  when     D/W  =  l/8. 
Although    figure  7    has  been  prepared  to  give  the  head  correction  for  the  shallower  box 
inlets,  it  can  be  used  for  any  box  inlet  when     D/W     is  between  l/8  and  1.    To  utilize  fig- 
ure 7    it  is  necessary  to  compute,  before  entering  the  figure,  any  two  of  the  three  ratios 
B/D,     B/W     or  D/W. 


Other  Factors 


A  thorough  study  was  made  to  discover  those  factors  which  determine  the  magnitude  of 
the  discharge  coefficient     c7     and  the  head  correction     Hq^     in    Equations  (2). 


Figure  5—    Coefficient  of  Discharge 

Control    at   Headwall  Opening 
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Table  5. --Coefficient  of  discharge 
(Control  at  headwall  opening) 


c2     in    Q  =  c2  W  V2?  (8  -  H02)2/2 


D/W 

0.  1 

0.2 

0.3 

0.4 

0.5 

0.6 

0  •  7 

0.8 

0.9 

1  .0 

c2 

c2  s[2i 

2.76 

0.34 
2.76 

0.35 
2 . 77 

0.35 
2.-8 

0.35 
2.81 

0.36 
2.85 

0.36 
2.90 

0.  3^ 
2.99 

0.39 
3.  10 

0.40 
3.22 

0.43 
3.^3 

Table  6. --Head  correction    Hcs/D     for    D/W  >  1/4 
(Control  at  headwall  opening) 


H02/D    is  negative 


B/Z) 

0.0 

0.  1 

0.2 

0.3 

0 

A- 

0.5 

0.6 

0  •  / 

0.8 

0 . 9 

0 

0.00 

0.07 

0.  13 

0.20 

0 

25 

0.30 

0.35 

0.39 

0.42 

0.46 

1 

.49 

.52 

.54 

.56 

59 

.61 

.63 

.65 

.67 

.68 

2 

.70 

.7  1 

.72 

.  74 

75 

.76 

•  /  9 

.81 

3 

.82 

.83 

.84 

.85 

86 

.87 

.88 

.89 

.90 

4 

.90 

.91 

.91 

.92 

92 

.92 

.92 

.92 

.92 

.92 

5 

.92 

.92 

.92 

.92 

93 

.93 

.93 

.93 

.93 

.93 

6 

.93 

.93 

.93 

.93 

93 

.93 

.93 

.93 

.93 

.93 

7 

.93 

.93 

.93 

.93 

93 

.93 

.93 

.93 

.93 

.93 

8 

.93 

.93 

.93 

.93 

93 

.93 

.93 

.93 

.93 

.  .93 
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With  regard  to  the  discharge  coefficient,     c^     is  not  affected  by  the  box-inlet  shape, 
the  approach-channel  width,  or  the  dike  position.    The  only  factor  which  affects  the  dis- 
charge coefficient  is  the  relative  depth  of  the  box  inlet.    This  is  discussed  above. 

With  regard  to  the  head  correction,  *s  no*  affected  by  the  approach-channel 

width  or  the  dike  position.    The  only  factors  which  affect  the  head  correction  are  the  rel- 
ative length     B/W     and  the  relative  depth     D/W     of  the  box  inlet,  which  are  discussed 
in  a  preceding  paragraph. 


Precision  of  Results 


The  discharge  coefficient     c^     in    Equations  (2)    is  reliable  to  within  about    +10  per- 
cent.   The  head  correction     -Hq^     is  also  believed  to  be  reliable  to  within  about  10  per- 
cent of  the  indicated  value  except  for  the  steep  portion  of  the  curve  of   figure  6  where 
errors  of  ±20  percent  are  possible.    These  percentages  apply  up  to  relative  heads  H/W 
of  about  1.2. 

The  discharge  coefficient  and  the  head  correction  apparently  vary  in  such  a  manner 
that  the  errors  are  at  least  partially  compensating.    The  two  percentages  mentioned  are 
therefore  not  additive  but  probably  partly  cancel  each  other. 

Summary 

The  preceding  comments  regarding  the  flow  through  box-inlet  drop  spillways  when 
the  discharge  is  controlled  by  the  headwall  opening  may  be  summarized  as  follows: 

1.    The  general  formulas  are 

Q  =  c2  W^2g  (H  -  H02)ah  (2a) 


and 

2/3 


2.  The  discharge  coefficient     c^     may  be  obtained  from    figure  5    or  from   table  5. 

3.  The  head  correction  may  be  obtained  from    figure  7.    If     D/W     is  between 

l/4  and  1,  inclusive,     ^Q2     may  be  more  readily  determined  from    figure  6  or 
from   table  6. 

4.  The  precision  of  the  design  curves  and  tables  is  probably  within    +10  percent. 


OUTLET  DESIGN 


The  outlet  is  that  part  of  the  box  inlet  drop  spillway  located  downstream  from  the 
headwall.    Since  the  form  of  the  outlet  is  determined  largely  by  the  manner  in  which  the 
flow  leaves  the  box  inlet,  it  is  pertinent  to  describe  the  outflow  briefly.    The  water  pass- 
ing over  the  sides  of  a  box  inlet  springs  clear  of  the  sidewalls  and  creates  a  space  be- 
tween the  nappes  and  the  sidewalls.    These  spaces  are  filled  with  water  having  a  helical 
motion  about  a  horizontal  axis.    At  the  exit  of  the  box  inlet  the  helices  from  the  opposite 


17 


sides  of  the  spillway  enter  the  outlet  along  the  sidewalls  and  create  a  considerable  disturb- 
ance and  uneven  distribution  of  flow  across  the  outlet.    It  is  this  poor  velocity  distribution 
and  attempts  to  improve  it  that  cause  the  major  problems  in  the  development  of  the  outlet. 

Since  the  critical  depth  is  used  when  computing  the  dimensions  of  the  outlet,  it  will  be 
discussed  first.    This  will  be  followed  by  a  discussion  of  the  two  major  parts  of  the  out- 
let—the straight  section  and  the  stilling  basin. 

Critical  Depth 

The  critical  depth  is  the  depth  at  which  water  flows  when  its  energy  content  is  a  mini- 
mum.   As  used  here,  the  critical  depth  can  be  most  conveniently  computed  by  the  equation 

g- 

where     d       is  the  critical  depth  in  feet;     Q     is  the  discharge  in  cubic  feet  per  second; 
W     is  the  width  of  the  spillway  and  the  straight  section  of  the  outlet  in  feet;  and     g     is  the 
acceleration  due  to  gravity  and  is  equal  to  32.2  feet  per  second  per  second.    Because  the 
exit  of  the  stilling  basin  may  be  wider  than  the  straight  section,  the  critical  depth  at  that 
point  is 

(Q/We)s 

  (3b) 

g 

where     dce     and     Wg     are  the  critical  depth  and  width  at  the  exit  of  the  stilling  basin. 

Table  7   has  been  prepared  to  facilitate  the  use  of    Equations  (3).    There  the  critical 
depth     d       or     dce     in  feet  is  given  for  various  discharges  per  unit  width     Q/W  or 
Q/\Ve     in  cubic  feet  per  second  per  foot  of  width. 

Straight  Section 

The  straight  section  is  used  between  the  box  inlet  and  the  stilling  basin  to  assist  in 
breaking  up  the  helical  rollers  described  earlier,  to  improve  the  flow  distribution,  to  make 
better  use  of  the  available  tailwater,  and  to  improve  the  scour  pattern.    The  straight  sec- 
tion has  sidewalls  located  parallel  to  the  outlet  centerline  and  in  line  with  the  sides  of  the 
box  inlet;  that  is,  the  straight-section  width     W     is  equal  to  the  box-inlet  width  W. 

If  the  straight  section  is  too  short  it  will  not  adequately  perform  its  function  of  im- 
proving the  performance  of  the  outlet.    The  minimum  length  of  the  straight  section  is  given 
by  the  equation 


for  values  of     B/ W  >  0.25     where     Lg     is  the  minimum  length  of  the  straight  section  in 
feet,  and     B     and     W     are  the  length  and  width  of  the  box  inlet  in  feet.    Ordinarily  Equa- 
tion (4)    will  give  a  straight  section  that  is  too  short  for  practical  use.    When  this  occurs 
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the  straight  section  may  be  lengthened  to  suit  the  site  with  assurance  that  it  will  still 
function  properly.    There  is  no  reason  that  the  straight  section  cannot  be  lengthened,  cov- 
ered, and  used  as  a  highway  culvert  if  desired. 

It  is  not  intended  that  the  box  inlet  drop  spillway  be  used  for  a  straight-drop  spillway 
where     B/W  =  0     and  the  form  of    Equation  (4)    requires  uneconomically  long  straight 
sections  for  short  box  inlets.    Since  the  minimum  value  of     B/W     used  in  developing  E- 
quation  (4)    was  0.25,  the  equation  should  not  be  used  for  box  inlets  shorter  than     B/W  = 
0.25. 

Stilling  Basin 

The  flared  or  stilling  basin  section  is  used  to  remove  destructive  energy  from  the 
flow  and  to  discharge  water  into  the  downstream  channel  in  a  manner  that  will  not  dam- 
age the  bed,  the  banks,  or  the  structure  itself.    The  several  features  of  the  stilling-basin 
design  require  a  number  of  steps  that  will  be  considered  in  the  following  subsections. 

Sidewall  Flare 

It  will  frequently  be  desirable  and  economical  to  flare  the  sidewalls  of  the  stilling  ba- 
sin.   Benefits  achieved  thereby  may  include  less  required  tailwater  depth,  decrease  in  ex- 
cavation for  the  entire  structure,  and  better  flow  conditions  in  the  downstream  channel. 

The  sidewalls  may  be  parallel  extensions  of  the  straight-section  sidewalls  or  they  may 
flare.    Rates  of  flare  up  to  2  longitudinal  to  1  transverse  are  permissible.    If  the  sidewall 
flare  is  greater  than  2  longitudinal  to  1  transverse  the  flow  does  not  spread  out  rapidly 
enough  to  follow  the  sidewalls,  the  main  stream  will  be  concentrated  at  the  center  of  the 
stilling  basin,  and  whirls  will  develop  between  the  stream  and  the  walls.    Flares  greater 
than  1  in  2  thus  become  wasteful  of  construction  materials  while  at  the  same  time  produc- 
ing poorer  flow  conditions  in  the  stilling  basin  and  downstream  channel.    The  choice  be- 
tween the  limits  1  inco  (no  flare)  and  1  in  2  depends  on  site  conditions;  the  broad  per- 
missible limits  allow  the  adaptation  of  the  outlet  to  almost  any  field  situation. 

Basin  Length 

For  economy  in  construction  the  flared  or  stilling-basin  section  should  be  made  as 
short  as  possible,  but  it  must  be  long  enough  to  dissipate  the  energy  in  the  flow.    The  ba- 
sin must  be  proportionately  longer  for  the  short  box  inlets  than  for  the  long  box  inlets  be- 
cause of  the  manner  in  which  the  water  leaves  the  box  inlet,  the  equation  for  the  minimum 
length  of  stilling  basin     Eg  being 


Lfi=    (5) 

2B/W 


for  values  of     B/W  ^  0.25.    Greater  stilling-basin  lengths  may  be  used  but  it  will  be 
more  economical  to  lengthen  the  straight  section;  lesser  stilling-basin  lengths  should 
never  be  used. 


Equation  (5),    like    Equation  (4),    should  not  be  used  when     B/W     is  less  than  0.25. 
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Tailwater  Level 


The  minimum  tailwater  depth     d^     above  the  floor  of  the  stilling  basin  required  for 
proper  energy  dissipation  is  ordinarily  a  function  of  the  critical  depth  at  the  end  of  the 
stilling  basin     ^ce-    However,  when  the  stilling-bas in  exit  is  too  wide,  still  or  nearly 
still  water  exists  along  the  sidewalls  of  the  basin.    That  portion  of  the  outlet  occupied  by 
still  water  is  obviously  not  being  used  to  dissipate  energy  and  can  be  eliminated.  Still 
water  occurs  along  the  sidewalls  when  the  stilling-basin  exit  is  wider  than    11.5 d  . 

Two  equations  are  necessary  to  determine  the  required  tailwater  depth.    When  the 

stilling-basin  exit  width     W       is  less  than     11. 5d        the  depth  of  tailwater  above  the 

e  ce  r 

stilling-basin  floor     d^     is  given  by  the  equation 

d2  =  1.6dce  (6a) 

and  when  is  greater  than     11.5dce     the  tailwater  depth  is 

d-i  =  dce    +  0.052ffe  (6b) 


If  it  is  desirable  to  measure  the  tailwater  depth  from  the  top  of  the  end  sill  d^ 
rather  than  from  the  floor  of  the  stilling  basin     d^,     Equation  (6a)    should  be  changed  to 
read 

*  =  l-33dce  (7a) 


and    Equation  (6b)    should  read 

*  =  ""^ce  +  0.043fe 


Satisfactory  results  can  be  obtained  using  wide  stilling-basin  outlets  and  Equations 
(6b)    or    (7b),    but  the  wider  basins  make  inefficient  use  of  the  outlet  and  will  be  more  ex- 
pensive than  a  basin  with  a  narrower  outlet  width.    Tailwater  depths  greater  than  that 
given  by    Equations  (6)    or    (7)    may  be  used;  lesser  depths  will  result  in  greater  scour 
in  the  downstream  channel. 


End  Sill 


The  end  sill  deflects  upward  the  stream  leaving  the  stilling  basin,  prevents  scour 
close  to  the  exit  of  the  stilling  basin,  and  creates  a  horizontal  roller  under  the  deflected 
stream  with  the  velocity  at  the  bed  directed  upstream,  thus  actually  bringing  material 
upstream  and  depositing  the  larger  material  at  the  end  of  the  stilling  basin. 

The  height  of  the  end  sill  is  very  important.    When  the  end  sill  is  too  high,  the  jet 
leaving  the  basin  jumps  over  the  sill  and  lands  some  distance  out  from  the  end  of  the  ba- 
sin, causing  severe  erosion  at  that  particular  location.    On  the  other  hand,  when  the  end 
sill  is  too  low,  the  water  leaving  the  basin  causes  the  same  severe  erosion  but  it  occurs 
very  near  the  end  of  the  basin.    Most  satisfactory  height  of  the  end  sill     f    is  given  by 
the  equation 


/  =  c/r/6 


(8) 
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Longitudinal  Sills 

Longitudinal  sills  are  used  in  the  straight  section  and  stilling  basin  to  assist  in  the 
distribution  of  the  flow  across  the  stilling  basin,  to  prevent  high  velocities  at  the  sides 
of  the  basin,  and  to  reduce  the  scour  at  the  end  of  the  basin  and  the  erosion  of  the  stream 
banks.    The  sills  may  also  be  used  for  structural  purposes. 


The  following  rules  should  be  used  to  determine  the  size  and  arrangement  of  the 
longitudinal  sills: 


1.    When  the  stilling  basin  sidewalls  are  parallel,  the  longitudinal  sills  may  be  omit- 
ted. 

Z.    The  center  pair  of  longitudinal  sills  should  start  at  the  exit  of  the  box  inlet  and 
extend  through  the  straight  section  and  stilling  basin  to  the  end  sill. 

3.  When     Wg     is  less  than     Z.5W,    only  two  sills  are  needed.    These  sills  should  be 
located  on  either  side  of  the  centerline  at  a  distance     p     of     W/6     to  W/4. 

4.  When     Wg     exceeds     Z.5W,     an  additional  pair  of  sills  is  required.    These  sills 
are  located  parallel  to  the  outlet  centerline  and  midway  between  the  center  sills 
and  the  sidewalls  at  the  exit  of  the  stilling  basin. 

5.  The  height  of  the  longitudinal  sills  is  the  same  as  the  height  of  the  end  sill. 


Sidewall  Height 


The  sidewalls  must  extend  above  the  tailwater  level  at  the  end  of  the  stilling  basin  by 
an  amount  sufficient  to  prevent  overtopping  and  the  resulting  erosion  of  the  dam  fill. 
Rough  water  in  the  stilling  basin  requires  a  greater  freeboard  than  is  frequently  used  in 
open  ditches.    The  minimum  height  of  the  sidewalls  above  the  water  surface  at  the  end  of 
the  stilling  basin     t     should  be 

'  '  */3  (9) 

or  greater.  All  the  rules  presented  here  are  based  on  sidewalls  extending  above  the  tail- 
water  level,  even  where  submergence  must  be  considered.  Under  submerged  flow  condi- 
tions much  higher  sidewalls  may  be  required;  however,  the  freeboard  above  the  tailwater 
level  may  be  safely  reduced  somewhat  because  the  water  surface  will  be  smoother. 

Wingwalls 

The  shape  and  the  positio,n  of  the  wingwalls  have  more  effect  on  the  scour  of  the  bed 
and  the  dam  fill  near  the  end  of  the  stilling  basin  than  has  been  commonly  supposed.  Con- 
siderable study  was  given  to  the  shape  and  location  of  wingwall  that  would  best  protect  the 
dam  fill. 


A  wingwall  triangular  in  elevation  is  greatly  superior  to  a  rectangular  wingwall.  Its 
top  should  slope  downward  at  an  angle  of  45  degrees  with  the  horizontal.    However,  if  con- 
ditions make  it  desirable  to  use  a  flatter  slope,  the  top  may  have  this  flatter  slope  without 
changing  the  anticipated  scour  significantly. 
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In  plan,  the  wingwalls  should  flare  at  an  angle     Q    of  60  degrees  with  the  outlet  cen- 
terline,  although  a  flare  of  45  degrees  would  probably  make  no  significant  change  in  the 
anticipated  scour.    Wingwalls  located  parallel  to  the  centerline  will  cause  no  deeper 
scour  but  they  will  cause  more  extensive  bed  scour  between  the  wingwalls  and  are  not 
recommended. 

Summary 

The  preceding  rules  for  the  design  of  the  outlet  for  a  box  inlet  drop  spillway  may  be 
summarized  as  follows: 

I.    The  critical  depth  in  the  straight  section  is 

2kQ  wr 

dc  =  J—  (3a) 


2.    The  critical  depth  at  the  exit  of  the  stilling  basin  is 


dcm=J   (3b) 


3.  The  minimum  length  of  the  straight  section  is 

Ls  =  <,<=£iH  (4) 

for  values  of     B/W  >  0.25.    Greater  lengths  of  straight  section  may  be  used. 

4.  The  sidewalls  of  the  stilling  basin  may  flare  from  1  in    oo      '  parallel  extensions 
of  the  straight  section  walls)  to  1  in  2. 

5.  The  minimum  length  of  the  stilling  basin  is 

L 

LB  =    (5) 

IB  W 

for  values  of     B/W  >  0.25.    Longer  lengths  of  stilling  basin  may  be  used  but  it 
will  require  less  material  if  the  straight  section  is  lengthened  to  secure  the  same 
overall  outlet  length. 

6a.    When  the  stilling  basin  is  less  than     11.5dce     wide  at  its  exit,  the  minimum  tail- 
water  depth  over  the  basin  floor  is 

*  =  U6dce  (6a) 
If  the  tailwater  depth  is  measured  from  the  top  of  the  end  sill,  its  depth  is 

da  =  1.33dce  (7a) 
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6b.    When  the  stilling  basin  is  more  than     11.5dce     wide  at  its  exit,  the  minimum  tail- 
water  depth  over  the  basin  floor  is 

di  =  dce  +  0.052ITe  (6b) 

If  the  tailwater  depth  is  measured  from  the  top  of  the  end  sill,  its  depth  is 

ds  =  0.83dce  +  0.043ITe  (7b) 

However,  stilling  basins  as  wide  as     11.5dce     may  make  inefficient  use  of  the 
outlet. 

6c.    Greater  tailwater  depths  may  be  used;  lesser  depths  will  cause  more  scour  in  the 
downstream  channel. 

7.  The  height  of  the  end  sill  is 

f  =  d?/6  (8) 

8.  Longitudinal  sills  will  improve  the  flow  distribution  in  the  outlet.    They  should  be 
located  as  follows: 

a.  When  the  stilling  basin  sidewalls  are  parallel,  the  longitudinal  sills  may  be 
omitted. 

b.  The  center  pair  of  longitudinal  sills  should  start  at  the  exit  of  the  box  inlet 
and  extend  through  the  straight  section  and  stilling  basin  to  the  end  sill. 

c.  When  is  less  than     2.5W,     only  two  sills  are  needed.    These  sills  should 
be  located  at  a  distance     p     of     W/6     to     W/4     each  side  of  the  centerline. 

d.  When  W  exceeds  2.5W,  two  additional  sills  are  required.  These  sills 
should  be  located  parallel  to  the  outlet  centerline  and  midway  between  the 
center  sills  and  the  sidewalls  at  the  exit  of  the  stilling  basin. 

e.  The  height  of  the  longitudinal  sills  is  the  same  as  the  height  of  the  end  sill. 

9.  The  minimum  height  of  the  sidewalls  above  the  water  surface  at  the  exit  of  the 
stilling  basin  should  be 

'  =  d7/3  (9) 

or  greater.    The  sidewalls  should  extend  above  the  tailwater  surface  under  all 
conditions . 

10a.    The  wingwalls  should  be  triangular  in  elevation  and  have  a  top  slope  of  45  degrees 
with  the  horizontal.    Top  slopes  as  flat  as  30  degrees  are  permissible. 

10b.    The  wingwalls  should  flare  in  plan  at  an  angle  of  60  degrees  with  the  outlet  center- 
line.    Flare  angles  of  45  degrees  are  permissible.    Wingwalls  parallel  to  the  out- 
let centerline  are  not  recommended. 
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Table  7, --Critical  depths  in  feet  for  various  discharges  per  foot  of  width 


Q 
W 

0.0 

0.  1 

0.  2 

0.3 

0.4 

0.5 

0.6 

0.  7 

0.  8 

0.9 

0 

0 . 000 

0.  068 

0.  1 07 

0.141 

0.171 

0.  1 98 

0.  224 

0.  248 

0 . 27  1 

0 . 293 

1 

.314 

.335 

.355 

.374 

.393 

.412 

.430 

.448 

.465 

.482 

2 

.499 

.515 

.532 

.548 

.563 

.579 

.594 

.609 

.624 

.639 

3 

.  654 

.  668 

.  683 

.  697 

.711 

.  725 

.738 

.  752 

.  765 

.  779 

4 

.792 

.  805 

.818 

.  83  I 

.  844 

.  857 

.  869 

.  882 

.  894 

.  907 

5 

.919 

.  93  1 

.943 

.955 

.  967 

.  979 

.99  1 

1  . 003 

1.015 

1  . 026 

6 

1 .038 

1  .049 

1 .061 

1  .072 

1  .084 

1  .095 

1  .  106 

1  .  1  17 

1  .  128 

1  .  139 

7 

1 .  150 

1  .  16  1 

1 .  172 

1  .  183 

1  .  194 

1  .204 

1.215 

1  .226 

1  .236 

1 .247 

8 

1  . 257 

1  . 268 

1  . 278 

1  . 289 

1  . 299 

1  . 309 

1.319 

1  . 330 

1  . 340 

1 .  350 

9 

1  . 360 

1  . 370 

1  . 380 

1  . 390 

1  . 400 

1.410 

1  . 420 

1  . 430 

1  . 439 

1 . 449 

1 0 

1  . 459 

1  . 469 

1  . 478 

1  . 488 

1  . 498 

1  . 507 

1.517 

1  . 526 

1  . 536 

1 . 545 

1  1 

1  .555 

1 .564 

1.573 

1  .583 

1  .592 

1  .601 

1  .61  1 

1  .620 

1  .629 

1  .638 

12 

1 .648 

1 .657 

1  .666 

1  .675 

1  .684 

1  .693 

1 .702 

1.711 

1  .720 

1 .729 

1 3 

1  . 738 

I  .  747 

1 . 756 

1  .  764 

1.773 

1 . 782 

1  . 79 1 

1  . 800 

1 . 808 

1.817 

1  4 

1  . 826 

1  . 835 

1  . 843 

1  . 852 

1  . 860 

1  . 869 

1  . 878 

1  . 886 

1 . 895 

1  . 903 

1  5 

1.912 

1  . 920 

1  . 929 

1  . 937 

1  . 946 

1  . 954 

1  . 962 

1  . 97  1 

1  . 979 

1  . 988 

16 

1 .996 

2.004 

2.012 

2.021 

2.029 

2.037 

2.045 

2.054 

2.062 

2.070 

17 

2.078 

2.086 

2.094 

2.  103 

2.  1  1  1 

2.  1  19 

2.  127 

2.  135 

2.  143 

2.  151 

1  8 

2.  1  59 

2.  167 

2.175 

2.  183 

2.191 

2.  199 

2.  207 

2.215 

2.  222 

2.  230 

19 

2.  238 

2.  346 

2.  254 

2.262 

2.  269 

2. 277 

2.  285 

2.  293 

2.  30  1 

2.308 

20 

2.316 

2 . 324 

2.33  1 

2.  339 

2.  347 

2.  354 

2.  362 

2.  370 

2.  377 

2.  385 

21 

2.393 

2.400 

2.408 

2.415 

2.423 

2.430 

2.438 

2.445 

2.453 

2.460 

22 

2.468 

2.475 

2.483 

2.490 

2.498 

2.505 

2.513 

2.520 

2.527 

2.535 

23 

2.  542 

2 . 549 

2.  557 

2.  564 

2.  572 

2.  579 

2.  586 

2.  593 

2. 60  1 

2. 608 

24 

2.615 

2. 623 

2.  630 

2.637 

2.644 

2. 652 

2.659 

2. 666 

2.673 

2. 680 

z3 

Z  .  OOf 

z.  oyD 

2.702 

z .  /  uy 

z  •  /  1  D 

Z.  /  Zi 

Z.  I  51) 

2. 737 

2.  744 

2. 752 

26 

2.759 

2.766 

2.773 

2.780 

2.787 

2.794 

2.801 

2.808 

2.815 

2.822 

27 

2.829 

2.836 

2.843 

2.850 

2.857 

2.864 

2.87  1 

2.878 

2.885 

2.891 

oo 

-CO 

2 . 898 

2.  905 

2.912 

2.919 

2 . 926 

2 . 933 

2.  940 

2 . 946 

2 . 953 

2 . 960 

zy 

2.  967 

2. 974 

2. 98  1 

2. 987 

2 . 994 

3 . 00  1 

3. 008 

3.015 

3.  02 1 

3 . 028 

.>  ■  U  2D 

n./i  o 

x  n  n  q 

j  •  \JO\> 

D  •  Uoz 

J  •  UDO 

D  •  Uoz 

3 . 089 

3 . 095 

3  1 

3.  102 

3.  109 

3.115 

3.  122 

3.  129 

3.  135 

3.  142 

3.  148 

3.  155 

3.  162 

32 

3.  168 

3.  175 

3.181 

3.  188 

3.  195 

3.201 

3.208 

3.214 

3.221 

3.227 

"Z  Z, 

D  .  i4U 

3  •  247 

3 . 253 

3 . 260 

3 . 266 

3.  273 

3 . 279 

3 . 286 

3 . 292 

x  inn 

j  •  zyy 

3 . 305 

3.112 

3.118 

3 . 325 

3.331 

3.338 

3 .  344 

3 . 350 

3.  357 

z.  p. 

3 . 363 

3.370 

3 . 376 

3 . 383 

3 . 389 

3.  396 

3 . 402 

3.  408 

3.414 

3 . 42  1 

36 

3.4-27 

3.433 

3.  440 

3.446 

3.452 

3.459 

3.465 

3.47  1 

3.478 

3.484 

37 

3.490 

3.496 

3.503 

3.509 

3.515 

3.522 

3.528 

3.534 

3.540 

3.547 

ZQ 
JO 

3 .  553 

3 . 559 

3 . 565 

3 . 57  1 

3.  578 

3 . 584 

3 . 590 

3.  596 

3 .  503 

3.609 

39 

3.615 

3 . 62  1 

3 . 627 

3.633 

3.640 

3.646 

3.652 

3.658 

3.664 

3.670 

/  n 

s-U 

3 . 683 

3 . 689 

3 . 695 

3.701 

3. 707 

3.713 

3.719 

3 . 725 

3.731 

41 

3.737 

3.743 

3.750 

3.756 

3.762 

3.768 

3.774 

3.780 

3.786 

3.792 

42 

3.798 

3.804 

3.810 

3.816 

3.822 

3.828 

3.834 

3.840 

3.846 

3.852 

43 

3.858 

3.864 

3.870 

3.876 

3.882 

3.888 

3.894 

3.900 

3.906 

3.912 

44 

3.918 

3.  924 

3.929 

3.935 

3.941 

3.947 

3.953 

3.959 

3.965 

3.97  1 

45 

3.977 

3.983 

3.988 

3.994 

4.000 

4.006 

4.012 

4.0  18 

4.024 

4.030 

46 

4.035 

4.041 

4.047 

4.053 

4.059 

4.065 

4.070 

4.076 

4.082 

4.088 

47 

4.094 

4.099 

4.  105 

4.  1  1  1 

4.  1  17 

4.  123 

4.  128 

4.  134 

4.  140 

4.  146 

48 

4.  152 

4.  157 

4.  163 

4.  169 

4.  175 

4.  180 

4.  186 

4.  192 

4.  198 

4.203 

49 

4.209 

4.215 

4.220 

4.226 

4.232 

4.238 

4.243 

4.  249 

4.255 

4.260 

50 

4.266 
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SUBMERGED- FLOW  CAPACITY 

Submergence  decreases  the  capacity  of  the  box  inlet  drop  spillway  whenever  the  tail- 
water  level  is  nearly  up  to  or  above  the  crest  of  the  box  inlet.    There  are  many  locations 
where  high  tailwater  levels  may  affect  the  flow,  particularly  in  drainage  work  or  where 
the  "island  dam"  type  of  design  is  used.    Therefore,  an  evaluation  of  the  submergence 
effect  is  necessary  in  order  to  make  complete  the  information  required  for  the  design  of 
box  inlet  drop  spillways. 

In  this  report  the  submergence  effect  is  measured  by  the  increase  in  head      AH  o- 
ver  the  free-flow  head     H     for  the  same  discharge.    The  submergence  is  measured  by 
the  height  of  the  tailwater     H^.     above  the  crest  of  the  box  inlet.    The  ratios       Ah/H  and 
H  /H     are  used  when  plotting  and  analyzing  the  results. 

The  factors  which  affect  the  flow  when  the  tailwater  level  is  high  are  discussed  in  the 
following  paragraphs.    Curves  for  evaluating  the  effect  of  submergence  on  the  flow  through 
box  inlet  drop  spillways  are  grouped  together  at  the  end  of  this  part  of  the  paper. 

Factors  Influencing  Submergence  Effect 

Several  of  the  factors  that  affect  the  free-flow  capacity  of  the  box  inlet  drop  spillway 
have  no  effect  on  the  submerged-flow  capacity;  on  the  other  hand,  some  of  those  factors 
which  have  no  effect  on  the  free-flow  capacity  do  have  a  significant  effect  on  the  sub- 
merged-flow capacity.    The  two  factors  having  the  greatest  effect  on  the  submerged-flow 
capacity  are  the  discharge  and  the  width  of  the  stilling-basin  exit.    They,  as  well  as  sev- 
eral factors  which  have  no  effect  on  the  submerged-flow  capacity,  will  be  discussed  in  the 
following  paragraphs. 

Discharge 

The  fact  that  the  submergence  effect  varies  with  the  discharge  complicates  the  deter- 
mination of  that  effect.    Under  some  conditions  the  variation  is  not  particularly  great, 
but  under  other  conditions  the  variation  is  very  large.    The  submergence  effect  increases 
with  the  discharge  up  to  a  certain  point,  but  with  further  increases  in  the  discharge  the 
submergence  effect  decreases.    These  facts  may  be  verified  by  reference  to  the  submer- 
gence curves  located  at  the  end  of  this  section  on  Submerged-flow  Capacity.    The  dis  - 
charge  which  produces  the  greatest  submergence  effect  apparently  coincides  with  that 
point  on  the  free-flow  rating  curve  where  the  control  section  changes  from  the  box-inlet 
crest  to  the  headwall  opening. 

Outlet-exit  Width 

The  flare  angle  of  the  sidewalls  has  no  direct  effect  on  the  submergence  but  the  width 
of  the  stilling  basin  at  its  exit     Wg     apparently  determines  the  magnitude  of  the  submer- 
gence effect.    The  wider  the  exit,  within  certain  limits,  the  less  will  be  the  effect  of  sub- 
mergence.   Apparently,  there  is  little  or  no  advantage  in  making  the  outlet  wider  than 
1.5W     since  with  wider  outlets  the  decrease  in  submergence  effect  is  nil.    The  effect  of 
outlet  width  can  be  determined  by  comparing  the  submergence  curves  for  different  outlet 
widths  when  the  other  variables  have  identical  values. 

Other  Factors 


The  length  of  the  straight  section  of  the  outlet  has  no  influence  on  the  submergence. 
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Also,  since  the  presence  or  absence  of  bed  and  banks  in  the  experimental  test  channel 
had  no  direct  influence  on  the  submergence  effect,  it  is  assumed  that  variations  in  the 
locations  of  the  bed  and  banks  will  be  unimportant  under  field  conditions. 

Submergence  Curves 

The  submergence  curves  at  the  end  of  this  section  of  the  report  may  be  used  to  eval- 
uate the  effect  of  high  tailwater  levels  on  the  capacity  of  box  inlet  drop  spillways.  All 
attempts  to  systematize  further  or  condense  the  data  proved  unfruitful  and  as  a  result 
the  curves  are  more  voluminous  than  is  desirable.    Even  so,  it  is  realized  that  the 
curves  presented  may  not  completely  cover  the  range  of  conditions  experienced  in  the 
application  of  the  results. 

Each  of  the  36  appended  figures  represents  a  different  combination  of     B/W,  D/W, 
and     We/W.    Refer  ence  to   table  8   will  give  the  figure  number  for  any  of  the  various 
combinations  of  variables.    The  several  submergence  curves  in  each  figure  are  for  dif- 
ferent discharges  and  represent  values  of  the  ratio     Q/w5/2     equal  to  0.6,  1.0,  1.5,  2.0. 
3.0,  4.0,  and  sometimes  5.0  and  6.0.    (Table  39  in  King's  "Handbook  of  Hydraulics"^ 
gives  the  five-halves  powers  of  numbers  and  may  be  used  to  facilitate  the  computation 
of  this  ratio.)    Some  of  the  curves  for  different  values  of     Q/W5/2     coincide;  others 
fall  so  close  together  that  it  was  not  possible  to  show  them  separately  in  the  figures,  and 
these  were  combined  into  a  single  average  curve.    The  differences  between  the  extreme 
and  the  mean  curves  are  in  no  case  greater  than  half  the  distance  to  the  nearest  curve 
or     0.05  AH/H,  whichever  is  the  lesser. 

Computation  of  Submergence  Effect 

The  computation  for  the  effect  of  submergence  requires  a  prior  knowledge  of  the  di- 
mensions    B,     D,     W     and     Wg     of  the  box  inlet  drop  spillway,  the  discharge     Q  and 
the  tailwater  level  referred  to  the  box-inlet  crest     Ht.    The  computation  procedure  to 
determine  the  increase  in  head  caused  by  submergence  is  as  follows: 

1.  Compute  the  ratios     B/W,     D/W,     and     W_/W     and  select  the  proper  figure 
from   table  8. 

2.  Compute  the  ratio     Q/W5/2     and  select  the  proper  submergence  curve. 

3.  Compute  the  head     H     for  free-flow  conditions. 

4.  Compute  the  ratio     Ht/H,     enter  the  figure  with  this  value,  and  read  the  value  of 

A  H/H     corresponding  to  the  intersection  of    H^/H     and  Q/W5/2 

5.  Multiply      AH/H     by     H     to  obtain  the  increase  in  head      AH     caused  by  sub- 
mergence. 

6.  Add      AH     to     H     to  give  the  actual  head  above  the  spillway  under  submerged- 
flow  conditions. 

Interpolation  will  be  necessary  if  values  other  than  those  given  in   figures  8  to  43,  in- 
clusive, are  desired.    If  the  discharge  is  not  known,  the  submergence  effect  can  be  de- 
termined only  by  the  process  of  successive  approximations. 


7King,  op.   cit.,  pp.  113-16. 


Table  8.  --Figure  numbers  for  submergence  curves 


B 

D 

We/W 

W 

W 

1  .0 

1  .25 

1.5 

2.0 

0.5 

0.25 

8 

9 

10 

1  1 

.5 

12 

13 

14 

15 

1.0 

16 

17 

18 

19 

1.0 

.25 

20 

21 

22 

23 

.5 

24 

25 

26 

27 

1.0 

28 

29 

30 

3  1 

2.0 

.25 

32 

33 

34 

35 

.5 

36 

37 

38 

39 

1.0 

40 

41 

42 

43 

28 


30 


32 


34 


36 


37 


38 


40 


45 


EXAMPLE  OF  APPLICATION 

The  hydraulic  design  of  a  typical  box  inlet  drop  spillway  is  worked  out  here  to  illus- 
trate how  the  design  information  presented  previously  can  be  applied.    A  number  of  fac- 
tors other  than  those  mentioned  must  be  considered  by  the  designer,  and  they  may  re- 
quire that  the  proportions  of  the  spillway  be  altered  from  those  proportions  which  are 
determined  solely  from  hydraulic  considerations.    These  factors  are  outside  the  scope 
of  this  paper  and  will  not  be  discussed  here. 

The  design  discharge,  the  topography  of  the  site,  and  the  exit  channel  conditions  will 
be  assumed  since  their  determination  is  not  a  part  of  the  spillway  design  proper. 

It  is  assumed  that  the  design  discharge  is  200  cubic  feet  per  second.    The  approach 
channel  approximates  a  trapezoidal  section  having  a  45-foot  bottom  width  and  1  on  5 
side  slopes.    The  controlled  drop  through  the  box  inlet  drop  spillway  is  4  feet,  the  crest 
of  the  box  inlet  being  at  elevation  100.0  feet  and  the  exit  channel  at  elevation  96.0  feet. 
The  exit  channel  has  a  10-foot  bottom  width  and  1  on  3  side  slopes,  and  a  depth  of  flow 
of  4.3  feet,  making  the  tailwater  elevation  100.3  feet  with  the  design  discharge.  With 
this  preliminary  information  at  hand  it  is  possible  to  proceed  with  the  design  of  the  spill- 
way. 

The  equation 

2/3 

"=(  )  (Id) 

\3.43  Lj 

will  be  used  in  the  preliminary  analysis  to  determine  tentatively  the  magnitudes  of  H 
and     L.    This  is  tantamount  to  assuming  that  the  box-inlet  crest  controls  the  head-dis- 
charge relationship.    Later  it  will  be  determined  if  this  assumption  is  valid  and  shown 
that  it  is  not,  in  this  case;  but  the  computation  must  be  made  to  make  the  determination. 
Substituting  200  for     Q     and  disregarding  for  the  present  the  corrections  to  the  dis- 
charge coefficient,     H     is  as  follows  for  several  assumed  values  of  L: 

L      (feet)  10    -  15  20 

H      (feet)  3.24  2.47  2.04 

A  head  of  2.47  feet  is  satisfactory  and  the  length  of  the  crest  will  temporarily  be  tak- 
en as  15  feet.    The  following  combinations  of     B     and     W     will  give  the  required  crest 
length: 

B      (feet)  6  5  4  3 

W      (feet)  3  5  7  9 

B/W  2.00  1.00  .57  .33 

The  box  3  feet  wide  seems  a  little  narrow  so  the  next  wider  box  will  be  chosen  as  giving 
the  best  box  width.    Tentatively,  then,  the  box  inlet  will  be  5  feet  long  by  5  feet  wide. 

At  this  point  it  is  well  to  compute  the  head,  assuming  the  control  to  be  at  the  headwall 
opening,  in  order  to  determine  if  this  head  is  greater  than  the  head  obtained  when  assuming 
the  control  at  the  box-inlet  crest.    The  greater  value  will  be  the  actual  head.    With     W  = 
5.0  feet,     B  =  5.0  feet  and     D  =  4.0  feet,     the  ratio     D/W  =  4.0/5.0  =  0.80  and 
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B/D  =  5.0/4.0  =  1.25.    Entering    figure  5    with     D/W  =  0.80,     c2  \l~Zg  =  3.10;    and  enter- 
ing   figure  6    with     B/D  =  1.25,     HQ2/D  =  -0.55    from  which     HQ2  =  -0.55  x  4.0  =  -2.20 
feet.    Substituting  in   Equation  (2b)    the  assumed  discharge  and  width  and  the  values  read 
from    figures  5  and  6, 

H  =  (200/3.10  x  5.0)2/3  +  (-2.20)  =  (12. 9)2/3  -2.20  =  5.50  -  2.20  =  3.30 


feet.    Since  this  is  greater  than  the  2.47  obtained  with  the  control  at  the  box-inlet  crest, 
the  control  section  is  at  the  headwall  opening.    The  tentative  head  of  3.30  feet  is  satis- 
factory for  the  conditions  assumed  at  the  site. 

Up  to  this  point  no  attempts  have  been  made  to  determine  the  head  accurately.  Now 
that  the  principal  dimensions  have  been  tentatively  established,  it  is  possible  to  do  this. 
Because  the  preliminary  computations  have  shown  that  the  control  is  at  the  headwall  o- 
pening,  the  head  is  given  by  the  equation 

2/3 

(2b) 


H  =  (  ^       +  Ho 

\c2  ffVSi/ 


Since  the  discharge  coefficient  depends  on  the  relative  depth  of  the  box  inlet,  this 

depth  must  be  determined.    (The  end-sill  height  was  neglected  in  the  preliminary  analy- 
sis.)   In  the  example  the  controlled  drop  is  4  feet.    The  height  of  the  end  sill  will  be  tak- 
en as  0.6  foot,  this  dimension  being  based  on  an  assumed  outlet  width  of  10  feet,  a  com- 
puted    d       of  2.3  feet,  and  a  computed  of  3.7  feet.    The  box-inlet  depth     D     is  ther 
4.6  feet  and     D/W  =  4.6/5  =  0.92.    Referring  to    figure  5    or    table  5,     c2  \J~2g     is  3.26. 
In  order  to  determine  the  head  correction  it  is  necessary  to  determine  D/W 
and     B/D.    Because     D/W  =  0.92  >  0.25,     HQ2/D     can  be  obtained  from    figure  6  or 
from   table  6.    Since     B/D  =  1.1,     Hq^/D     is  found  to  be  -0.52.    The  head  correction 
Hq2  =  -0.52  x  4.6  =  -2.39  feet.    The  equation  then  becomes 

2/3 
/     200  \ 

H  =(   )      -  2.39  =  12.272/3  -  2.39  =  5.32  -  2.39  =  2.93 

\3.26  x  5/ 

feet.    This  head  is  not  the  final  head  because  it  must  be  corrected  for  the  effect  of  sub- 
mergence and  this  will  be  done  later.    Also,  this  head  is  somewhat  below  the  3.30  feet 
computed  initially,  but  in  the  absence  of  cost  comparisons  it  will  be  assumed  that  the 
lower  dike  is  economical  and  the  discharge  computations  will  not  be  repeated  with  a  box 
inlet  having  different  dimensions. 

If  a  storm  is  to  be  routed  through  the  structure,  it  will  be  desirable  to  plot  a  head- 
discharge  curve  and  the  method  will  now  be  illustrated.    The  first  step  is  the  determina- 
tion of  the  corrections  when  the  control  is  at  the  box-inlet  crest. 

The  first  correction  is  that  for  head.    Computations  of    H/W     for  a  number  of  heads 
and  the  corresponding  values  of  the  head  correction  taken  from    figure  2    or  from  table 
1    are  given  in   table  9. 


The  second  correction  is  that  for  box-inlet  shape.  Since  B/W  =  I  the  correction 
for  box-inlet  shape  is  1.00  as  can  be  seen  by  referring  to  figure  3  or  to  table  2.  This 
correction  is  also  noted  in  table  9. 
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The  third  correction  is  that  for  approach-channel  width.    The  experiments  were  con- 
ducted with  an  approach  channel  having  a  horizontal  floor  and  vertical  sidewalls.  Since 
this  is  obviously  not  a  typical  field  condition,  some  means  must  be  found  to  express  the 
field-channel  dimensions  in  terms  of  a  channel  having  a  rectangular  cross  section.  It 
will  be  arbitrarily  assumed  that  the  depth  of  flow  and  cross-sectional  area  of  both  the. 
field  and  the  rectangular  channels  are  identical.    The  width  of  the  field  channel  is  there- 
fore taken  as     W    =  A/H.    In  the  example, 
c 

(45  +  SH)  H 

»c  =    =  45-5// 

H 

The  width  of  the  approach  channel  has  been  computed,  together  with     W  /L,     and  both 
values  are  given  in   table  9.    The  approach-channel  width  correction  is  also  given  in 
table  9,    the  correction  having  been  obtained  from  either    figure  4    or  from   table  3. 

The  fourth  and  final  correction  is  for  the  proximity  of  the  dike  to  the  crest  of  the 
box  inlet.    In  order  to  make  the  headwall  extension  as  short  as  possible,  the  toe  of  the 
dike  will  be  located  3  feet  from  the  box  -inlet  crest.    The  relative  distance  of  the  dike 
toe  from  the  crest     X/H     is  given  in   table  9,    together  with  corrections  taken  from 
table  4. 

The  discharge  coefficient  is  corrected  by  successively  multiplying  it  by  the  correc- 
tions.   For  example,  the  computation  when     H  =  0.5  feet  is 

Corrected  coefficient  =  0.87  x  1.  00  x  1.  00  x  0.98  x  3.43  =  2.92 

The  corrected  coefficient  is  given  in  table  9  and  is  used  to  compute  the  discharge,  which 
is  also  listed. 

The  computations  just  completed  apply  when  the  control  is  at  the  box-inlet  crest.  Be- 
cause the  point  at  which  the  control  changes  from  the  box-inlet  crest  to  the  headwall  o- 
pening  is  not  known,  it  is  necessary  to  repeat  the  computations  for  the  headwall  opening 
in  order  to  determine  that  point  as  well  as  to  complete  the  rating  curve.    It  has  been  de- 
termined previously  that     C£  \!  2g  =  3.26     and  =  -2.39.    Substituting  these  values  in 
Equation  (2a),    the  discharge,  when  the  control  is  at  the  headwall  opening,  is 

Q  =  3.26  x  5.00  (H  +  2.39)3/2  =  16.3  (H  +  2.39)3/2 

The  discharge  as  given  by  this  equation  has  been  computed  for  the  same  values  of  H 
used  for  determining  the  discharge  when  the  control  was  assumed  to  be  at  the  box-inlet 
crest.    They  are  listed  in  table  9. 

It  is  now  possible  to  plot  the  head-discharge  curve.    This  is  shown  in    figure  44.  The 
section  which  controls  the  discharge  is  that  section  which  gives  the  least  discharge  at  a 
given  head.    The  actual  rating  curve  has  been  drawn  as  a  solid  line  while  the  imaginary 
portions  are  dashed  lines.    The  two  curves  intersect  just  below  the  design  discharge,  so, 
for  the  design  discharge,  the  headwall  opening  controls  the  head-discharge  relationship, 
as  was  determined  previously,  and  the  head,  also  as  determined  previously  is  2.93  feet. 
Although  the  intersection  of  the  two  curves  of   figure  44    is  sharp,  the  head-discharge  re- 
lationship is  actually  curved  at  this  location.    Nevertheless,  the  curves  as  drawn  are  un- 
doubtedly sufficiently  accurate  for  all  practical  purposes. 
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Figure  44—   Head  -  Discharge    Curve   for  Example 


The  next  step  in  the  design  of  the  structure  is  to  compute  the  dimensions  of  the  out- 
let.   The  critical  depths  of  flow  both  in  the  straight  section  and  at  the  end  sill  are  re- 
quired and  should  be  computed  first.    Equations  (3)    are  used  for  this  purpose.  The 
width  of  the  straight  section  is  5.0  feet  and  the  discharge  per  foot  of  width     Q/W  is 
200/5  =  40.    Referring  to    table  7,    the  critical  depth     dc  =  3.68  feet.    The  exit  of  the 
outlet  is  assumed  to  be  10,0  feet  wide,  or  equal  to  the  width  of  the  downstream  ditch. 
There     Q/We  =  200/10  =  20     and     dce  =  2.32  feet. 

The  minimum  length  of  the  straight  section,  computed  from   Equation  (4),  is 

Ls  =  3.68  (0.2/1  +  1)  =  4.42 

feet.    It  may  be  necessary  to  lengthen  the  straight  section  in  order  to  permit  the  dam  fill 
to  be  put  in  with  the  proper  cross  section  and  this  is  permissible.    After  the  submer- 
gence computations  have  been  made,  it  will  be  possible  to  determine  the  final  height  of 
the  dike,  the  dam  section,  and  the  length  of  the  straight  section. 

The  maximum  permissible  flare  of  the  stilling  basin  sidewalls  is  1  in  2.  In  order  to 
increase  the  width  from  5.0  feet  at  the  end  of  the  straight  section  to  10.0  feet  at  the  exit 
of  the  stilling  basin,  the  basin  must  be  at  least 

10.0  -  5.0 

  x  2  =  5 

2 


feet  long.    The  minimum  length  of  the  stilling  basin  computed  from    Equation  (5)  is 
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15 

LB  =    =  7.5 

2x1 

feet.    Since  the  latter  length  is  the  greater,  it  governs,  and     I_g     will  be  made  7.5  feet. 

The  next  step  is  to  determine  the  required  minimum  tailwater  depth.    The  width  of 
the  stilling  basin  at  its  exit,  in  terms  of     ^ce.     is  10/2.32  =  4.3.    This  is  less  than  11.5 
so    Equations  (6a)  and  (7a)    are  used  to  determine  the  tailwater  depth.    The  required 
minimum  depth  above  the  stilling-basin  floor  is 

</s  =  1.6  x  2.32  =  3.71 

feet.    If  measured  above  the  top  of  the  end  sill,  this  depth  is 

ds  =  1.33  x  2.32  =  3.09 

feet.    The  depth  in  the  downstream  channel  is  4.3  feet  and  the  depth  naturally  obtained  is 
therefore  adequate  assuming  that  the  top  of  the  end  sill  is  located  at  the  channel  grade 
or  elevation  96.0.    If  desired,  the  stilling-basin  exit  could  be  narrowed  somewhat  so  as 
to  secure  a     d^     closer  to  the  depth  in  the  downstream  channel.    The  computation  might 
proceed  as  follows: 

d3  =4.3  feet 
and 

dce    =  4.3/1.33  =3.23  feet 

From  table  7,     Q/We  =  33.    Since     Q  =  200     cubic  feet  per  second,     Wg  =  200/33  =  6.06 
feet,     say  6.0  feet.    This  would  then  be  the  minimum  outlet  width  that  could  be  used  with 
the  assumed  tailwater  depth.    Nevertheless,  in  this  example  a  width  of  10  feet  will  be 
used.    In  an  actual  design  the  width  providing  the  most  economical  solution,  probably  the 
6.0-foot  width,  would  be  the  logical  one  to  choose. 

One  other  point  should  be  made  regarding  the  elevations  of  the  outlet  floor  and  the  end 
sill  relative  to  the  available  tailwater  depth.    If  and     d^     had  been  greater  than  the 

available  tailwater  depth,  the  outlet  would  have  had  to  be  lowered  sufficiently  below  grade 
so  that  the  elevation  of  the  top  of  the  end  sill  plus  the  required  tailwater  depth     d3  would 
have  given  an  elevation  not  higher  than  the  tailwater  depth  naturally  available.  However, 
if  it  had  proved  undesirable  to  locate  the  end  sill  below  grade  elevation,  an  alternative 
would  have  been  to  increase  the  outlet  width  sufficiently  to  reduce  the  required     d-j  to 
the  depth  naturally  obtainable.    The  procedure  for  making  this  latter  adjustment  has  been 
outlined  above. 

Proceeding  with  the  design  of  the  details,  the  end-sill  height,  computed  from  Equa- 
tion (8),    will  be     f  =  3 . 7 1  /6  =  0.62  feet,     say  7.5  inches.    (An  end  sill  8  inches  high  could 
have  been  used,  7.5  inches  being  chosen  because  it  is  the  width  of  an  8-inch  board.)  This 
final  end-sill  height  should  be  compared  with  the  height  assumed  when  computing  the  head- 
discharge  curve  with  the  control  at  the  headwall  opening.    In  this  case  the  difference  is 
0.62  -  0.60  =  0.02  feet  and  is  so  small  that  it  can  be  safely  neglected.    However,  if  this 
difference  had  been  large,  it  would  have  been  necessary  to  recompute  the  head-discharge 
curve. 
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The  number  of  longitudinal  sills  required  depends  on  the  ratio     We/W  =  10/5  =  2. 
Since  this  ratio  is  less  than  2.5,  only  two  sills  are  required.    These  may  be  located  from 
5/6  =  0.83  feet     to     5/4  =  1.25  feet     either  side  of  the  centerline.    If  the  sills  are  used 
to  strengthen  the  floor  slab,  their  location  within  these  limits  will  be  determined  by  struc- 
tural considerations.    Here,  the  centerlines  of  the  sills  will  be  located  1.0  feet  either 
side  of  the  centerline. 

The  minimum  height  of  the  sidewalls  above  the  tailwater  level,  computed  from  Equa- 
tion (9),  is 

t  =  3.71/3  =  1.24 

feet.    The  top  of  the  sidewalls  at  the  stilling  basin  exit  should  be     4.3  +  1.24  =  5.54,  say 
5.5  feet  above  the  top  of  the  end  sill. 

The  angle  that  the  wingwalls  make  with  the  outlet  centerline  will  be  assumed  as  45 
degrees.    The  tops  of  the  wingwalls  will  be  sloped  to  fit  the  dam  fill  and  the  walls  will  be 
terminated  where  their  tops  disappear  below  the  surface  of  the  ground.    A  better  arrange- 
ment would  be  to  extend  the  wingwalls  until  their  tops  are  at  the  level  of  the  end  sill,  but 
here  the  risk  involved  in  shortening  them  is  not  felt  to  be  worth  the  extra  cost  incurred. 

In  the  example,  the  tailwater  depth  for  the  design  discharge  was  purposely  made  deep 
enough  to  cause  submergence  to  allow  illustration  of  the  method  of  computing  this  effect. 
To  determine  the  proper  submergence  curve,  it  is  necessary  to  know  the  magnitude  of 
the  ratios     B/W  =  1.0,     D/W  =  0.92     and     Wc/W  =  2.0.    These  ratios  were  computed 
earlier.    Entering   table  8,    it  is  apparent  that  the  submergence  effect  must  be  interpo- 
lated between    figure  27   where     D/W  -  0.5     and    figure  31    where     D/W  =  1.0.  Because 
Q/W^/^  =  200/55.9  =  3.6,     it  will  be  necessary  to  interpolate  between  the  curves  for 
Q/'W5/2  =  3  and  4     in    figures  27  and  31.    The  free-flow  head  is  2.93  feet  and  the  tailwa- 
ter level  is  0.3  feet  above  the  crest  of  the  spillway,  making  the  ratio     H^/H  =  0.3/2.93  = 
0.10.    The  submergence  curves  are  entered  with  this  figure  and  values  of      AH/H  read 
off.    The  interpolations  a're  made  in    table  10. 


Table  10. --Values  of     AH/H      for      B/W  =  1.0,       We/W  =  2.0 
and     Ht/H  =  0. 10      for  example 


0 

D/W 

f/S/2 

0.5 

C.92 

1.0 

3.0 

0.01 

0.02 

3.6 

.00 

0.02 

.02 

4.0 

.00 

.02 
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The  desired  value  of      AH/H     is  0.02,  from  which 

Aff  =  0.02  x  2.93  =  0.06 

feet  and  the  head  for  submerged  flow  is  2.93  +  0.06  =  2.99  feet.  A  head  of  3.00  feet  will 
be  used  in  the  subsequent  design. 

These  computations  have  determined  the  submergence  effect  at  only  one  discharge. 
In  order  to  route  a  storm  through  the  structure,  it  will  be  necessary  of  course  to  com- 
pute and  plot  a  tailwater  rating  curve  and  then  to  determine  the  effect  of  submergence  at 
a  number  of  flows  so  as  to  be  able  to  plot  a  rating  curve  for  submerged  flow  similar  to 
the  free-flow  curve  shown  in    figure  44. 

Returning  to  the  example,  in  accordance  with  standard  practice  a  freeboard  of  6 
inches  is  required  to  the  top  of  the  headwall  and  a  freeboard  of  1  foot  is  required  to  the 
top  of  the  dike.    The  top  of  the  headwall  will  therefore  be  at  elevation  103.5  feet  and  the 
top  of  the  dike  at  elevation  104.0  feet.    The  design  of  the  spillway  is  summarized  in  the 
plan  and  section  shown  in    figure  45.    It  will  be  noticed  there  that  it  was  necessary  to  in- 
crease the  length  of  the  straight  section  from  4.42  feet  to  5.0  feet  in  order  to  provide  an 
adequate  cross  section  to  the  dike. 

While  field  problems  will  probably  differ  considerably  from  the  assumptions  given 
for  this  example,  it  is  felt  that  most  of  the  conditions  that  might  be  obtained  have  been 
illustrated.    The  best  design,  of  course,  depends  on  the  skill  with  which  the  designer  ap- 
plies the  methods  to  his  particular  problem.    The  attempt  here  has  been  to  provide  the 
information  which  the  designer  requires  to  compute  the  proportions  of  box  inlet  drop 
spillways . 


53 


Plan 


Section  on  Center  Line 


Figure   45—   Proportions   of   Box  Inlet  Drop  Spillway  for  Example 


